Abstract. This article investigates the relationship between net primary production (NPP) of Chinese fir, temperature and precipitation. The spatial-temporal NPP pattern in the potential distribution area of Chinese fir from 2000-2010 was estimated utilizing a MODIS MOD17 product in a geographic information system (GIS) environment. The results showed that the highest NPP value of Chinese fir is in the Fujian province in the eastern part of the study region. The relationship between NPP of Chinese fir and climate variables was analyzed spatially and temporally. On the regional scale, precipitation showed higher correlation coefficients with NPP than did temperature. The spatial variability pattern indicated that temperature was more important in central and eastern regions (e.g. Hunan and Fujian province), while precipitation was crucial in the northern part (e.g. Anhui province). Zonal analysis revealed that the impact of precipitation on the production was more complicate than that of temperature; larger amount of precipitation is not always corresponding with greater NPP value. When compared to natural forests, plantations appear to be more sensitive to the variability of precipitation, which indicates their higher vulnerability under climate change. Temporally, NPP values decreased despite of increasing temperatures, and the decrease was larger in plantations than among other vegetation types.
Introduction
Chinese fir (Cunninghamia lanceolata (Lamb) Hook), a typical subtropical coniferous tree species, is one of the most important timber species in Southern China due to its fast growth, high yield and excellent wood quality (Wu, 1984) . Traditionally, Chinese fir plantations were established after native evergreen broad-leaved forests were harvested, slashed, and burned. Since the 1950s, with the increasing demand for timber because of the economic development, the plantation area of Chinese fir has been enlarged, and the species has been repeatedly planted on the same sites without periods of fallow. Subsequently, decreasing production of Chinese fir plantations has been reported since the 1980s (Fang, 1987; Ma, 2001) , primarily due to soil degradation (Ding et al., 1999; Yang et al., 2000) . Climate influences the structure and function of forest ecosystems and plays an essential role in the growth and health of forest. Existing studies on the relationship between the productivity of plantations and climate are scarce and limited to plot scale (Chen et al., 1980a, b; Lu, 1980) . However, it is necessary to clarify such relationships spatially at the regional level in order to extensively and comprehensively understand the influence of climate on the productivity of plantations. Moreover, climate change affects the growth and production of forests directly through changes in the meteorological drivers of growth and through carbon dioxide fertilization, and indirectly through complex interactions present in forest ecosystems. Temporal analyses of such relationships are indispensable.
Forest ecosystems have the strongest carbon absorption capacities among all ecosystems. In China, plantations are a significant part of forest ecosystems, and they are very important when studying the carbon budget of terrestrial ecosystems. Since the early 1970s, the plantation area of China has been gradually increasing to be now the highest in the world. Forests in southern China are primarily plantations, which compose 54.3 % of the total plantation area of China. Carbon uptake by plantations is the most important reason for the increased carbon storage in China (Fang et al., 2001) . It contributes about 65 % of the C sink in the terrestrial ecosystems of southern China (Wang et al., 2009 ). Zhao and Running (2010) showed that the past decade (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) was the worldwide warmest one since instrumental measurements of temperatures began in the 1880s. A better understanding of the decadal-scale carbon balance dynamics of plantation ecosystems can benefit the interpretation of observed variation in atmosphere-biosphere carbon exchanges (Fung et al., 1997) and evaluation policies to mitigate anthropogenic CO 2 emissions (IGBP Terrestrial Carbon Working Group, 1998) .
Net primary production (NPP) has received much attention not only because it is related to the global carbon cycle but also because it is greatly influenced by the changing climate (Prentice et al., 2001 ). On the regional or global scale, NPP can be estimated by process-based ecosystem models, which are based on the fundamental mechanisms controlling NPP, such as moisture, temperature, solar radiation and nutrition (Running and Coughlan, 1988; Melillo et al., 1993) . However, these ecosystem models generally estimate potential NPP, primarily because of the difficulty in obtaining existing and detailed land cover and soil information. On the other hand, satellite remote sensing data can provide nearreal time information regarding vegetation cover, biome type and disturbances . As a result, models using satellite data make NPP estimation simpler and possibly more accurate (Potter et al., 2004; Ruimy et al., 1994; Field et al., 1995; Zhao et al., 2006) .
Remote sensing has been used to monitor gross primary production (GPP) and NPP dynamics on the regional and global scale (Nemani et al., 2003; Zhao et al., 2006) . The Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA's satellites, Terra and Aqua, is one of the most reliable data sources to monitor the terrestrial biosphere. The algorithm of MODIS NPP is based on "radiation use efficiency", original logic proposed by Monteith (1972) suggesting that NPP of sufficiently watered and fertilized annual crops is linearly related to the amount of solar energy absorbed by the plants over a growing season. The resulting MODIS GPP and NPP products have been validated as being able to capture spatial and temporal GPP and NPP patterns across various biomes and climate regimes, and they are consistent with the ground flux tower-based GPP and fieldobserved NPP estimation . The availability of GPP and NPP calculated from the MODIS data provides a unique opportunity for examining the spatial patterns of NPP in the plantation ecosystem of Chinese fir in southern China and its relationships to climate. Consequently, the objectives of the current study were to (1) explore spatial-temporal patterns of NPP in the potential distribution area of Chinese fir plantations, and (2) to examine the influence of temperature and precipitation on the production of Chinese fir.
Methods

Site description
The study region chosen for this work is defined by the potential distribution area of Chinese fir plantations, which spans a latitude range from 21.22 to 33.78 • N and longitude from 97.33 to 121.28 • E (Wu, 1984) . It covers 10 provinces in southern China, including Zhejiang, Fujian, Jiangxi, Hunan, Anhui, Guangdong, Guangxi, Yunnan, Sichuan and Chongqing, with a total area of 134 million hectares (Fig. 1) .
The potential distribution area of Chinese fir plantations is in the humid subtropical area in southern China. This is a region of low mountains and hills with a very broken topography and complicated geology. Plantations are generally located on slopes with steepness of more than 20 %, gentler lower slopes generally being used for agriculture. The soil type is usually red earth, but the soil can be originated from very different parent materials. The soil conditions vary significantly in terms of texture, depth, fertility, and other physical and chemical characteristics. Naturally, Chinese fir is a component of mixed subtropical evergreen broad-leaved forests (Wu, 1984) .
Data collection and processing
Data sources required in the current study comprised MODIS NPP and GPP data, and land cover and climate data. Remote sensing and geographic information system techniques were employed for processing, analyzing and mapping of all spatial data. In addition, R programming language (R Core Team, 2014) , and a suite of R packages (sp, Bivand et al., 2013; rgdal, Bivand et al., 2014; ggplot2, Wickham, 2009) was utilized for MODIS data download and statistical analysis.
MODIS data
MODIS product MOD 17 was chosen for evaluation of GPP and NPP in our study. MODIS data are formatted as a HDF EOS (Hierarchical Data Format -Earth Observing System) tile in a sinusoidal projection with a grid of 1 km × 1 km. Each tile is 1200,× 1200 km . To cover the study area, six tiles with horizontal numbers from 26 to 28 and vertical numbers from 5-6 for 11 years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) were downloaded using the R script of ModisDownload.R (http://r-gis.net/?q=ModisDownload). Six tiles of each time were merged and converted into one GeoTIFF format image using the MODIS Reprojection Tool (MRT). The Sinusoidal projection of each image was transformed into an Albers equal-area projection in the process of converting HDF files into tiff images. The mosaic images were then clipped into the study area in ESRI ArcInfo.
Land cover data
The 1-km resolution Landcover 2000 (GLC2000) data consistent geographically with the study area was retrieved from the Global Landcover 2000 web site (Bartholomé and Belward, 2005) . The GLC2000 data was based on the SPOT-4 vegetation VEGA2000 data set, which provides accurate baseline land cover information. Additionally, the distribution of Chinese fir was specially modified from the artificial Chinese forest map, which we applied from "Data Sharing Network Infrastructure of Earth System Science" (http://www.geodata.cn/), a Chinese web that provides data related to nature science. The distribution area of Chinese fir is corresponding to that of coniferous forest partly in Global Landcover 2000. So we replaced those coniferous forest areas with Chinese fir utilizing ArcGIS software to make a new land cover map that contains Chinese fir. The land cover data was then transformed to the same projection with the MODIS data (Fig. 2) .
Climate data
Average annual precipitation and temperature data (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) from 75 stations were acquired as a text file from Chinese meteorological data sharing service system (http: //cdc.cma.gov.cn). The temperature and precipitation data were transformed into the grid format from the text format in ArcInfo. To match MODIS data and land cover data, ordinary kriging was chosen as an estimator to interpolate the climatic data to be gridded surface with resolution of 1 km using a module of the geostatistical analyst in ArcGIS. A unified projection corresponding to all other data was then defined for the interpolated temperature and precipitation data. The trends of regional climatic variables in time series were analyzed based on the Mann-Kendall method using R. The Mann-Kendall method is considered to be more suitable for non-normally distributed data, which are frequently encountered in hydro-meteorological time series (Yue et al., 2002) .
Analysis of NPP temporal change pattern
The temporal fluxes of NPP over the 11 years of study were examined with the temporal change tendency analysis for each pixel separately, utilizing the following equation:
where n is the total number of study years and NPP i is annual NPP during the year i of each pixel (Stow et al., 2003) . Positive Q slope signifies an increasing tendency through the time series, while a negative one infers a decline. A higher absolute value of Q slope denotes a stronger magnitude of an increase or a decrease. The Q slope parameter here was used as a binary indicator to show whether NPP is increasing or decreasing at each pixel. Percentages of pixels that decrease growth are presented in the results. Spatially, NPP patterns were characterized by calculating the 11-year average NPP values geographically.
Analysis between NPP pattern and climate variables
To examine the relationship between the geographical NPP pattern and climatic factors, a spatial correlation analysis between the 11-year average NPP and corresponding climate variables was implemented on both regional and pixel scales. The Pearson product moment correlation coefficient (R) was used to calculate the correlation between the NPP and annual mean precipitation and annual mean temperature. A high R value signifies a positive relationship while a low R value represents the opposite. A positive R implies that the NPP has the same trend with temperature or precipitation, while a negative R implies the opposite. Additionally, a zonal analysis was conducted to examine the NPP pattern along precipitation and temperature gradients. Zonal analysis is one of the most important spatial analysis tools in ArcGIS. It is the creation of an output raster (or statistics table) in which the desired function is computed on the cell values from the input value raster that intersect or fall within each zone of a specified input zone data set (ESRI). The mean NPP value (dependent factor) for each range of precipitation and temperature (independent factors) was calculated using [Zonalstats] of ArcInfo, where the independent factors were used as zones and the dependent factor was used as a value.
Validation of MODIS data using flux tower data
Eddy flux towers provide valuable opportunities to validate satellite data, because they measure carbon, water and energy exchange on a long-term and continuous basis . GPP derived from eddy flux measurements in Qianyanzhou, Jiangxi province, was employed to validate MODIS GPP. Vegetation around the tower is mainly artificial forest with the stand age around 30 years including, e.g. planted pine and Chinese fir (Ma et al., 2010) . Eddy flux GPP on daily basis in 2006 were provided by Qianyanzhou Experimental Station. Correspondingly, MODIS GPP data in 2006 were downloaded. To match the footprint, subsets of 4 × 4 pixels around the tower were extracted. In accordance with MODIS GPP, which is an 8-day composite, 8-day summations of eddy flux GPP were created to make a correlation with average of MODIS GPP subsets.
Results
Characteristics of climate variables
Spatially, hydrothermal gradients present zonal characteristics. It is evident that temperatures in the south and east are higher than those in the north and west (Fig. 3a, b) . On the other hand, precipitation featured a decreasing trend from southeast to northwest. The mean decadal temperature gradually increased from 2000-2010 based on the MannKendall analysis (Fig. 3c) , which was in an agreement with the overall warming trend. Moreover, the annual precipitation slightly decreased following a linear trend over the study years (Fig. 3d ).
Spatial-temporal pattern of NPP
GPP from Eddy flux measurements in Qianyanzhou was used to validate MODIS GPP (Fig. 4) . The result showed a good correlation between the two data sources (r = 0.79, P < 0.0001). Vegetation production in the current study was characterized utilizing NPP value intervals, which presented great spatial variability (Fig. 5a ). For the entire study area, the average production in the south and east is higher than that in the north and west. The area with the highest production was located in the southern part of the Yunnan province, where the dominant vegetation is composed of a broad-leaved evergreen forest. NPP of the broad-leaved evergreen forest in the Fujian province is the second highest within the whole study region. The third highest NPP was in the southeastern part of the Sichuan province. The broadleaved evergreen forests in the middle and northern parts of the study area presented relative low NPP values. Among conifer forests, the highest values were found in the southern part of the study region, followed by most of the Fujian province, the western region and some regions of the Hunan and Jiangxi provinces. The lowest NPP values of conifer forests are present in the northern part of the study region. In particular, as a type of a conifer forest, Chinese fir exhibits a similar NPP pattern as coniferous forests in general, except that it has its highest NPP value in the Fujian province in the eastern part of the study region, but lower values in the southern, western, central and northern part of the study region. In general, in the potential distribution area of Chinese fir plantations, broad-leaved evergreen forests have the highest production (Fig. 5b) . Compared to NPP of other coniferous forests in the region, the value of Chinese fir is relatively low, 626 g C m −2 yr −1 .
Temporally, from 2000-2010, the NPP values of Chinese fir showed a decreasing trend (Fig. 6) . During the period of 11 years, the highest NPP occurred in 2002 and the lowest one in 2009. The difference between these 2 years was 100 g C, about 15 % of the average NPP.
The results of the spatial-temporal changes of NPP were obtained from the temporal change tendency analysis conducted for the study years (Fig. 7a) . The results showed a great increase in NPP in the Fujian province and in the northern part of the study region. Parts of Sichuan, Guizhou and Yunnan provinces, areas near the margins of the study region, also had similar tendencies. On the contrary, NPP in most regions of Hunan and Jiangxi provinces declined over the study period. Overall, the main production area of Chinese fir had an evidently decreasing productivity, while NPP around most of the margin area increased. In terms of vegetation type, percentages of NPP decreases during the period of 11 years are presented in Fig. 7b . Farmland and deciduous broad-leaved forest showed mostly increasing NPP values during the study years, while coniferous and evergreen broad-leaved forests had areas with both increasing and decreasing NPP, with the proportions of decreasing NPP equaling 50 and 55 %, respectively. Chinese fir showed the especially high NPP decrease of 66 %. 
Relationship between NPP pattern and climate variables
Representations of spatial patterns may be different when observed on different scales. In order to comprehensively clarify the relationship between the NPP pattern and climatic factors, an analysis was conducted at three levels: the entire study region, zonal analysis and pixel scale. Regionally, both temperature and precipitation presented positive correlations with NPP values, where the correlation with precipitation was significant and higher than that for temperature (Fig. 8a,  b) . The relationship between the NPP pattern and climatic factors was further examined through a correlation analysis between NPP of each pixel and climate geographically corresponding to NPP. The yearly average NPP and corresponding yearly data of climate variables were correlated to each other using the Pearson product moment correlation. Correlation coefficients of NPP and annual mean precipitation are shown in Fig. 9a . High correlations between the two variables were found in the central and northern part of the whole study region, while low or negative correlations were detected in most southern regions. The correlation coefficients between NPP and annual mean temperature are shown in Fig. 9b . The central areas of the study region presented high r values, especially Hunan, Jiangxi and Chongqing provinces, whereas negative r values were found within the southern margin of the study region. For comparison, in the central and eastern areas of Chinese fir, NPP values were more strongly correlated to temperature than to precipitation. In the northern part they exhibited higher correlations with precipitation than with temperature, and in the southern part negative correlations with both temperature and precipitation. Additionally, the analysis of the NPP pattern along each climatic factor was implemented utilizing a zonal analysis. Especially, the NPP patterns of Chinese fir, coniferous forests and broad-leaved forests along climate variables were analyzed and compared. For all three vegetation types, NPP along precipitation exhibited a more complex pattern than along temperature (Fig. 10) . In terms of precipitation, the NPP values of Chinese fir present a gradual increase with the precipitation above 1400 mm and below 1700 mm, with a sharp decrease above 1700 mm, and the same pattern was found in coniferous and broad-leaved forests (Fig. 10a, c, e) . Along decreasing precipitation below 1400 mm, the productivity of both coniferous and broad-leaved forests presented a similar pattern: decreasing NPP with precipitation above 970 mm and a sudden increase above 1100 mm and then a gradual decrease until 1400 mm. Such a pattern is not obvious in Chinese fir, except that there is a sudden change at the precipitation level of 1100 mm. In terms of temperature (Fig. 10b, d, f) , an increasing trend of NPP of Chinese fir is evident from the turning point temperature of 15.5 • C, with a short, relatively stable interval ranging from 15.5 to 19 • C. A similar pattern was found in coniferous and broad-leaved forests, with a small difference within the interval from 15.5 to 19 • C. Within this interval, the NPP values of coniferous forests present a gradual increase, while broad-leaved forests exhibit a sudden increase and then a slow decrease. In comparison, the pattern of NPP along the annual average temperature experienced by Chinese fir is similar with that of coniferous forests, both of which experience decreasing NPP values along the temperature until 15.5 • C despite stronger NPP fluctuation in Chinese fir and a greater decrease in coniferous forests. NPP along temperature presents a more complicated pattern in broadleaved forests. First there is an increase in NPP, followed by a sudden decrease right before the turning point of about 15.5 • C.
Discussion
Spatial pattern of NPP and climatic conditions
We got a good correlation between MODIS GPP and GPP from eddy flux measurements (r = 0.79, P < 0.0001) that was similar to the correlation in another study using satellite data from China . MODIS GPP can be used to estimate the GPP within a pixel (an area of 1 km 2 in current study), while eddy tower measures GPP over a footprint that changes according to the wind speed and wind di- rection in 1 year. Differences in the spatial scales of the two methods may lead to differences in the predicted GPP of the MODIS-GPP algorithm and eddy tower . To characterize the spatial pattern of temperature and precipitation, we chose ordinary kriging as an estimator to interpolate the station data. Ordinary kriging is a linear optimum interpolation method for regionalized single variable with the minimum variance of the estimation variance. A cross-validation was conducted to estimate the interpolation accuracy, which showed a high correlation coefficient of 0.92 between the original temperature data and predicted kriging value, and 0.85 for that of precipitation data. Moreover, we compared our climatic data with WorldClim data (http: //www.worldclim.org/), which is a set of global climate layers (climate grids) with a spatial resolution of about 1 square kilometer, and found a very similar characteristic between the the two data sets. Factors in the physical environment that the growth and development of plants are radiation, temperature, water and nutrients (Atkinson and Porter, 1996) . Three of these four factors are climatic. Previously, a site analysis between climatic variables and the growth of Chinese fir has been conducted on a local scale (Chen, 1980a) . It was concluded that in Hunan and Guizhou provinces, within the central part of the current study area, temperature was most strongly correlated with the growth of Chinese fir, while in the Anhui province, within the northern part of the current study area, the most strongly affecting climate factor was precipitation. These previous results were consistent with our findings based on a correlation analysis on a pixel scale, which characterized the relationship between NPP and climate variables in more detail (Fig. 7a) .
Generally, forest production is correlated with both precipitation and temperature. Greater precipitation and higher temperatures are accompanied with a higher production, as shown in our results where the production in the south and east was higher than that in the north and west. Del Grosso (2008) pointed that precipitation was better correlated with NPP than temperature. In our study, considering the whole study area, precipitation had a greater correlation with NPP than did temperature on a regional scale (Fig. 8) . However, pixel-based correlation analyses between climate variables and NPP showed that the relationship had great spatial variability: NPP values were more strongly correlated with temperature than precipitation in the central and eastern part of the study region, while NPP exhibited a greater correlation with precipitation than with temperature in the northern part (Fig. 9) . These results brought out the importance of the scale effect. In the zonal analysis, NPP values generally increased along both increasing precipitation and temperature gradients. However, NPP values along the precipitation gradient presented more variability, which indicated that the effect of precipitation on production is more complicated. Chen et al. (2005) have suggested that the yearly distribution of precipitation has a strong effect on the natural vegetation growth. In the current study, NPP values tended to decrease when precipitation was more than 1700 mm (Fig. 10a, c, e) . High amounts of precipitation occur in the southern region of the study area, such as Guangdong and Guangxi provinces, where rainfall is distributed unevenly (Chen, 1980a) , causing periods of ample water supply but also drought. This also explains why the production in the southern part of the study site has a negative correlation with precipitation based on the pixel level analysis. Additionally, plantations appear to be more sensitive to precipitation variability. As the results indicated, Chinese fir has its highest production in the eastern part of the study region, not in the southern part as the natural forest did, which is the only difference in the spatial pattern between artificial and natural forests. Liu (2010) has conducted an analysis on spatial-temporal changes in the climate of China that the average temperature has increased significantly at the rate of 0.2 • C per decade over the period of 1955-2000 in south-eastern China (Liu et al., 2010) . Additionally, the average growing season has shifted 4.6-5.5 days forward and the average end has been 1.8-3.7 days prolonged, increasing the length of the growing season by 6.9-8.7 days (Liu et al., 2010) . For our data, a similar trend of increasing temperatures was recorded for the period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . Warming tends to accelerate flowering and prolong the photosynthetically active period (Cleland et al., 2006; Berninger, 1997) . Moreover, the length of the growing season influences the annual vegetation production, longer seasons favoring the accumulation of organic matter. Consequently, the production of vegetation will probably increase along an increasing temperature. However, in the current study, the analysis on the temporal tendencies of NPP indicated variability among different vegetation types, of which only farmland and deciduous broad-leaved forest showed an increase over most regions of the study area during the period of 11 years. NPP values of Chinese fir decreased for most pixels in most areas of the study region, especially in the central production areas of Hunan and Jiangxi provinces. Unlike in natural forests, the growth of plantation forests is manipulated by human beings to some extent. Opposite to crops, the NPP values of plantations showed the largest decreases among all vegetation types. There are two possibilities accounting for such phenomenon. One possible reason is man-made causes, such as land use change or inappropriate silvicultural management which results in soil degradation that influences the growth of plantations (Ding et al., 1999; Yang et al., 2000) . Fires, harvest, deforestation or other disturbances that change the land-use could alter terrestrial net fluxes at regional and global scales. However, it is extremely challenging to estimate the carbon balance change associated with land-use change because of current lack of information on the amount and spatial pattern of deforestation (Piao et al., 2012; Houghton, 2007) . However, most of the plantation in southern China is owned by a collective. Farmers has always been repeatedly planting Chinese fir on the same sites without intercropping or periods of fallow (Bi et al., 2007) , which reduce the land-use change impact. The other reason could be changing climate. Trees have a higher maintenance cost. Kremer et al. (1996) proposed that a high air temperature also increases the maintenance respiration, leading to decreases in NPP. In this study, broad-leaved and broad-leaved deciduous forests were found to exhibit different changes during the study years. NPP of broad-leaved forests decreased considerably, while deciduous forests showed a strong increase. Such a difference indicated that the maintenance respiration of broad-leaved forests in winter has probably greatly increased due to warming temperature. It is evident that the production of vegetation in the study region did not benefit from an increasing temperature. Despite the potential effects of increasing maintenance respiration or anthropogenic influence, factors related to climate change, for instance increasing variability in rainfall, enhanced frequency of extreme weather events, such as cold waves, droughts and floods (Solomon et al., 2007) These events could potentially increase the variability in precipitation, which may further explain why the production of plantations had the greatest decreases, if they were more sensitive than natural forests to precipitation variability. Additionally, as the climate changes, extreme events are becoming more frequent on average (Solomon et al., 2007) , which would potentially influence plantation production, as relatively simple plantation ecosystems are highly vulnerable (Hartley, 2002) . Consequently, the capacity of carbon sequestration by artificial plantations would be threatened. However, since the forest area in China has been increasing strongly (Piao et al., 2012) , growth stocks of Chinese forests are still increasing. The current study aimed to characterize the spatial-temporal pattern of NPP and reveal how it is related to climatic factors in the potential distribution area of Chinese fir. A series of spatial analyses were implemented to characterize the spatial pattern of NPP and climate factors, and to analyze the impact of those factors on NPP. Generally, the production of vegetation increased with the increasing precipitation and temperature, presenting a consistent spatial pattern. Both broad-leaved forests and natural coniferous forests had their overall highest production in the southern region, where the mean precipitation is highest although most variable. On the other hand, Chinese fir showed its highest NPP in the eastern region, which revealed that it is more vulnerable to precipitation variability than natural forests. Consequently, the increased frequency of extreme weather events occurring in southern China, potentially resulting from global climate change, might influence the growth of tree plantations. The results of the current study showing that NPP of Chinese fir decreased more than that of other vegetation types during the study years could be a consequence of the climate change. Thus, carbon sequestration of artificial plantations could be a matter of concern. These findings are expected to assist when developing strategies for the sustainable development of Chinese fir plantations.
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